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Introduction
Tetrazolium based dyes were tested in various research fields and had become a standard method for visualization and quantification of cells vitality based on redox activity. Tetrazolium based dyes as a qualitative redox indicator is based on the principle that all living tissues and cells contain active dehydrogenase enzymes that catalyze chemical reductions (Steponkus and Lanphear 1967) .
Various studies reported tetrazolium dyes use on plant seeds (Cottrell 1947 , Porter et al. 1947 , Bennett and Loomis 1949 , Lakon 1949 , plant tissues (Gall 1948 , Dufrenony and Pratt 1948 , Waugh 1948 , Roberts 1950 , human and animal tissues (Straus et al. 1948 , Black and Kleiner 1949 , Parker 1953 , mi-tochndrial localization of oxidative enzymes (Pearse 1957) , and microorganisms (Fred and Knight 1949 , Gunz 1949 , Currier and Day 1954 . Since then, the use of tetrazolium salts in different research fields has been studied intensively due to its wide potential applications and research opportunities. In plant research the use of tetrazolium dyes to identify and quantify metabolically active cells and enzyme activity is well documented. In particular, it is used for microscopic imaging of certain enzymes activity localization in plant tissues (Šebela et al. 2001 (Šebela et al. , Galuszka et al. 2005 , for the quantification of cells viability and metabolic activity in excised tissues and organs (Collet et al. 2002 , Chen et al. 2006 , and in cell culture suspensions (Xu et al. 2004) .
Although tetrazolium salts have been extensively used in visualization and quantification of plant cells vitality, these methods always hold a destructive step prior to dye reduction measurements, consequently terminating the growth of the studied plant. In the present study we investigated the colored formazan formation in root cells of intact active plants growing on soilless transparent media, with emphasis on non destructive steps.
Our aim was to develop a novel method for dehydrogenase activity assessment using tetrazolium violet on roots of intact growing plant grown hydroponically and on agar media. The dehydrogenase activity is visualized through the development of purple color of the reduced formazan on and around the intact plant root cells over a period of 2-96 hours (Fig. 1) . In order to envision color development during growth of plants, sterile Zea mays young plants were transferred into sterile vessels containing hydroponic solution or agar media supplemented with 0.005% (w/v) tetrazolium violet ( Fig. 2 and 3 ). 
Materials and Methods
Zea mays (Gedera Seeds Co., Gedera, Israel) seeds were surface sterilized for 20 min in 70% ethanol and 60 min in 2% sodium hypochlorite following another 10 min in 70% ethanol and 60 min in 1% sodium hypochlorite (Medina et al. 2000) . The sterile seeds were rinsed five times with sterile half-strength Hoagland's minimal medium (HMM) and transferred into a sterile hydroponic chamber as previously described supplemented with the HMM solution (Burdman et al. 1996) . Sterility of the seeds and seedlings was tested on nine different seeds and seedlings by placing each one onto nutrient agar (Difco, Israel) followed by incubation at 36°C for 48 hours. The sterile conditions were kept during the experiment in order to neglect the respiration and dehydrogenase activity of microorganisms. Sven-day-old sterile seedlings (with ~ 5 cm long roots) were transferred to 20 mL sterile test tubes and to 50 and 250 mL tissue culture flasks containing solution or solid HMM media supplemented with 0.005% tetrazolium violet. While the roots were submerged into the solution and the solid HMM medium of each test tube or tissue culture flask, the shoot emerged through the experimental vessel mouth sealing. Sealing was done using five sterile parafilm layers wrapped tightly around the stem and the vessel's mouth in order to prevent microbial contamination and to hold the plant in its position. In order to keep the plant roots under darkness the test tubes were warped with aluminum foil. The experimental plants were maintained vertically in a growth chamber at 22°C with 18-h light/6-h dark photoperiod.
All experimental procedures were performed under laminar hood and all glassware and media were autoclave sterilized (at 121 o C for 30 min). Growth medium was based on half-strength Hoagland's minimal medium (HMM) (Hoagland and Arnon 1950) adjusted to pH 6.5 using sterile NaOH (1M). HMM solution and solid HMM consisted with 0.5% agar (Bacto agar, Difco, Israel) supplemented with 0.005% tetrazolium violet were used to grow young plants. Tetrazolium violet stock solution (0.1%) was filter sterilized (0.22 μm syringe filter, Millipore, USA) and added to previously autoclaved solution and solid HMM media at 50 o C. Both media are highly transparent, therefore suitable for permanent visualization of roots growth and development. Growth media containing tetrazolium violet was sterile transferred into sterile test tubes and tissue culture flasks (Greiner Bio-One, Israel).
Several control treatments were conducted in order to track the formazan formation in dead or chemically inhibited root cells. Control treatments contained plants grown in experimental solution/solid HMM media (supplemented with 0.005% tetrazolium violet) with 0.2% sodium azide or 200 mg/l cycloheximide as respiration inhibitors. In addition, 10 min boiled plants (as dead control plants) were also tested in the above media (Fig. 4) . Negative control consisted of plants grown in media without tetrazolium violet in order to monitor any change in root color not as a result of formazan precipitation (data not shown). Color development on roots, as a result of reduced formazan formation, was captured using a digital camera (DMC LZ10, Panasonic, Japan) at different time intervals.
Results and Discussion
The results showed that plants grown with supplemented tetrazolium violet formed a purple formazan color on the roots, especially on the fast growing root tips. On contrary, control treatments (chemically inhibited by sodium azide and cycloheximide or boiled) showed faint or no color formation (Table 1) . No difference in plants growth (measured as root elongation) with and without tetrazolium violet was observed (data not shown). Plants grown hydroponically or in solid HMM media, had a slight purple color formation on the root tips after two hours from experimental onset. After two days, the purple color of the roots tips intensified and expanded to the rest of the root showing the accumulation of formazan as a function of time ( Fig. 2  and 3) . The color on roots grown in solid HMM (stagnant medium) stained brighter and further from the root tip compared to the roots grown in the hydroponic culture. It is assumed that under stagnant conditions (in agar supplemented medium) the reduced form of the stain (formazan) remains around the roots while in liquid medium it may disperse/wash into the volume. Another feature observed with Zea mays seedlings was related to root morphology: in HMM medium (hydrophonic) lateral roots were more developed compared to agar grown seedlings. Weather this root morphology difference is stressed controlled it is not clear, however formazan was formed on both root types.
Tetrazolium violet transformation to formazan in the presence of 200 mg/l cycloheximide decreased revealing a much weaker purple color formation in comparison to untreated plants. Comparatively, Fig. 3 : Purple color development on sterile seedling roots of Zea mays grown in HMM agar medium (50 mL tissue culture flask supplemented with 0.005% (w/v) tetrazolium violet) at 2, 24 and 48 hours. (Insets: magnification of a single root showing formazan formation). Scale bars represent 10 mm length.
Fig. 2:
Purple color development on sterile seedling roots of Zea mays grown in HMM medium (250 mL tissue culture flask supplemented with 0.005% (w/v) tetrazolium violet) at 0, 24 and 48 hours. Scale bars represent 10 mm length. sodium azide exposed or boiled plants did not develop purple color at any stage of the experiment, revealing complete respiratory inhibition of root cells (and a slight folding) ( Fig. 4) . Cycloheximide extensively used in biological research to inhibit protein synthesis in eukaryotic cells caused a marked reduction in the overall formazan formation as noticed by the much weaker color in comparison to plants grown without cycloheximide. Sodium azide as a respiratory inhibitor revealed no formazan formation with time during the experiment, similarly to the treatment with boiled plants, proving complete respiratory activity inhibition.
In botanical research, tetrazolium based dyes are commonly used in two major applications: 1) visualization of viable cells or localization of specific enzymes activity for histological purposes and 2) quantification of the degree of cell vitality/metabolism (including experimental tissue section).
The present study describes a novel, non-destructive method for the assessment of plant root vitality under different treatments. Monitoring color development on plant roots indicate uninhibited growth and can be used directly to test a large variety of pollutants that may inhibit plant growth.
In summary, visualization of formazan formation as a result of tetrazolium violet reduction by root cells of hydroponically grown plants or in any transparent media (such as agar) can be used as an indicator of plant cell vitality exposed to a variety of physico-chemical treatments (nutrients, herbicide pollutants, light regime, temperature, transgenic plants metabolism, oxygen supply, etc.). Fig. 4 : Controls of sterile seedling roots of Zea mays grown in HMM agar medium supplemented with 0.005% (w/v) tetrazolium violet (10 mL borosilicate tubes) exposed to 3 treatments for 48 hours; I. with cycloheximide (200 mg/l) incorporated into growth medium; II. 0.2% (w/v) sodium azide incorporated into growth medium and III. 10 minutes previously boiled seedlings in sterile HMM. Each picture is a representative of at least three replications. Scale bars represent 10 mm length.
